Human viral contamination in drinking and recreational waters poses health risks. The application of PCR-based molecular technology has advanced our knowledge of the occurrence and prevalence of human viruses in water; however, it has provided no information on viral viability and infectivity. Four human cell lines were compared for their sensitivity to different serotypes of human adenoviruses using the TCID 50 test. The sensitivity of each cell line varied with different serotypes of adenovirus. Human embryonic kidney cell line 293A and human lung carcinoma cell line A549 were the most sensitive, especially to enteric adenovirus 40 and 41. Plaque assay of primary sewage samples showed 293A can detect viral plaques in 7 of 13 primary sewage samples tested. Adenoviruses were also isolated using 293A from environmental water concentrates. Cloning and sequencing of environmental adenoviral isolates indentified them to be aligned with adenoviruses serotype 40 and serotype 5. The result of this study suggests that plaque assay with 293A cell line is suitable for detection of adenovirus in the aquatic environment. Combining this cell culture with molecular methods for viral assay in the aquatic environment will provide critical information for risk assessment.
INTRODUCTION
Human viral contamination of drinking and recreational waters poses an important human health risk. To prevent human exposures, it is necessary to monitor source waters used for drinking water supply and recreational waters for viral contamination. In recent years, molecular approaches (e.g. PCR) for viral detection have overtaken the traditional cell culture assay because of their improved speed and sensitivity. However, these molecular methods often yield little or no information on viral viability and infectivity; thus, they are often insufficient for regulatory and policy decisions. In contrast with the attention paid to molecular technologies, little energy has been applied in testing and improving the traditional cell culture for detecting human viruses in the environment. Important enteric viruses (i.e. noroviruses), which cause recurring outbreaks, have not yet been cultivable.
In the past few years, our lab has focused on using adenoviruses (Ad) as indicators for human viral pollution in the aquatic system. Application of PCR methods has initially revealed the presence and prevalence of Ad in the Los Angeles and San Gabriel Rivers, California. However, no infectious virus has been isolated on cell culture from the rivers (Choi & Jiang 2005) . Adenoviruses can be cultured and isolated using various cell lines including BGMK, Caco-2, HeLa, HEp-2, KB (human oral epidermoid), A549 (human lung carcinoma), PLC/PRF/5 and HEK 293 (human embryonic kidney). However, the efficiency of viral replication on cell cultures varies with serotypes. The enteric Ad serotype 40 and 41 are very slow growing and produce little or no cytopathic effect (CPE) on most cell lines. Mautner et al. (1989) showed that only cell lines expressing Ad E1A and that supply Ad E1B functions are doi: 10.2166/wh.2009.088 permissive for Ad40. HEK Graham 293 is a permanent cell line transformed by sheared human Ad type 5 (Ad5) DNA.
The cells express the viral proteins from transforming gene of Ad5 including E1A and E1B (Graham et al. 1977) . For this reason, Graham 293 cells support the propagation of Ad40 and Ad41.
A number of studies have been done to evaluate the efficiency of various cell lines in support of clinical Ads replication (see review in Jiang 2006) . The susceptibility of the cell lines may vary slightly with sample sources and labs, but the literature generally shows a consensus that 293, A549, PLC/PRF/5 and Caco-2 performed better for Ads than BGMK, the cell line recommended by USEPA for water monitoring. A review of current literature on Ads detection in aquatic environments indicates that BGMK was most often the choice for the cell culture (Chapron et al. 2000; Cho et al. 2000; Thompson et al. 2003; Lee & Jeong 2004; Lee et al. 2005) . Thus, the occurrence of infectious Ads in the aquatic environment is possibly underestimated using the current USEPA Information Collection Rule, especially for the fastidious Ad40 and 41. So far, to our knowledge, there has not been an investigation of cell lines that best support infectivity of Ads from aquatic samples.
Here we compared four different human cell lines for the sensitivity to human Ad serotype 2, 15, 40 and 41. The best cell lines were then chosen to test environmental samples collected from sewage treatment facilities and various water samples from different areas of southern California.
Environmental adenoviral isolates were further confirmed by DNA sequencing. This study contributes to our ability to detect and identify Ad pollution in the aquatic environment. and was used in this study between passage 115 and 123.
MATERIALS AND METHODS

Viruses, cell lines and culture condition
A549 cells were grown in Ham's F12 medium also containing 5% FBS, 2 mM L-glutamine, 100 U ml 21 penicillin, and 100 mg ml 21 streptomycin. Cells were subcultured at 4-to 5-day intervals with a trypsin-EDTA solution (Cellgro).
Infective assay (TCID 50 )
Purified Ad2, Ad15, Ad40 and Ad41 viruses were released from infected cells by freeze and thaw cycles. The viral particles were concentrated by ultracentrifugation and then washed twice with pH 7.4 PBS (phosphate buffered saline).
Infectivity and sensitivity of these viruses on each cell line were determined in microtitre plates by serial dilution of viral stock and inoculation 100 ml of dilution into each of the 96 wells containing monolayer of 293A, A549, HuH7 or HepG2 cells, respectively. Plates were incubated at 378C with 5% CO 2 and examined daily for CPE for 10 days.
TCID 50 values were calculated by the method of Reed & Muench (1938) .
For 100 ml of dilution, the titre is:
where d ¼ log 10 of dilution and S ¼ the sum of the ratios of positive wells per row.
The lower limit of detection for this assay is 102 TCID 50 ml 21 . Based on empirical assay, the titre by TCID 50 is 0.7 log higher than the titre by standard plaque assay (Reed & Muench 1938) . 
RESULTS AND DISCUSSION
TCID 50 assay revealed different responses of each Ad serotype to cell lines. Ad41 is the most difficult one to culture on these cell lines. Only 293A was sensitive enough to permit the propagation of this serotype demonstrating CPE (Figure 1) . A low level of CPE for Ad41 was observed on HepG2 cells towards the very end of incubation. In contrast, Ad15 has a broad host-range and showed infectivity on all four cell lines within the first 24 hours of inoculation. Cell line 293A was generally 2 to 5 logs more sensitive to Ad serotypes tested than HepG2 and HuH7 (Figure 1) . A549 supported the replication of Ad2 and Ad15 at a higher rate than HepG2 and HuH7, but it was insensitive to Ad41 tested. HepG2 and HuH7 were permissive for propagation for most serotypes tested at a lower rate. Only Ad41 did not display CPE on HuH7. The standard error for each data point collected in the experiment is approximately 10% or less. The serotype specific affinity to different cell lines had previously been shown by Zhang et al. (2003) . This discrepant may be attributed to the quantitative difference in cellular receptor and viral hexon or fibre expression. Additionally, the Ad E1A protein is a trans-acting transcriptional regulatory factor necessary for transcriptional activation of early genes.
E1A together with E1B are capable of transforming primary Figure 1 | TCID50 assay of cell lines sensitivity to different serogroups of adenovirus. TCID50 ml 21 was plotted on the log scale and infectivity was followed for ten days. cells to sequester cellular machinery and alter the intracellular environment to favour viral replication. 293A is E1A/B transformed cell line, which may explain why the cell line is more susceptible and supportive to adenoviral infection. Based on these infectivity results, 293A and A549
were chosen for further assay of human Ads in the environment.
Cell line 293A and A549 were first used for plaque assay of Ad in sewage. Table 1 shows that viral plaques were detected on 293A cell line. More than half of the primary sewage effluents from southern California wastewater facilities produced viral plaques. The plaque counts were up to 233 pfu/100 ml. The detection rate was lower for samples containing mixed primary and secondary effluents, only 2 of 10 samples were positive. It is important to note that the detection rate presented here was limited by the volume of sample used. Only 10 ml of sewage sample was used for testing in 2003, 30 ml of sewage was used for later samples. The detection limit for mixed primary/secondary sewage was 10 pfu compared with 3 pfu for primary sewage (Table 1 ). The higher detection limit and the secondary treatment may have contributed to the lower plaquing rate in the mixed primary/secondary sewage effluents.
The plaque assay described above was then applied to 466 environmental water samples collected from various environments. The sample volumes ranged from 500 ml to 10 litres with concentration factors between 200 and 1,000 times. A fraction of the samples were positive for human Ads by PCR assay (Choi & Jiang 2005; Surbeck et al. 2006; Jiang et al. 2007a,b) . However, infectious Ads were rarely detected by the plaque assay using either cell lines. Of all the samples tested, only samples from five sites were confirmed to have viral infection on 293A cells. Since the sensitivity of plaque assay is highly dependent on serotypes in addition to cell lines, the infected cells were extracted and used for cloning and sequencing to identify the Ad serotypes. GenBank. Each environmental clone was designated with its sampling location, number of attempts at isolation and clone numbers. All clones were retrieved from four sites in southern California labelled 1, 2, 3 and 6.
Sequencing analysis of PCR amplicons retrieved from cell cultures showed that the hexon genes were aligned with Ad40 and Ad5 sequences from the GenBank (Figure 2 ).
This result is in agreement with the clinical reports that Ad40 is the primary serotype shed in human faeces. Ad5 causes persistent infection in human populations. Shedding of this virus occurs long after initial infection (Jiang 2006) .
Overall, the result of this study was that 293A cell line seems best suited for environmental assessment of human Ad contamination. Interestingly, Brown & Petric (1986) demonstrated that 293 cells are useful for the isolation of human Ad and certain enteroviruses from both respiratory and stool specimens. A549 cell used in this study was in higher passage numbers than 293A cell, which may also explain why the sensitivity of this cell line to environmental Ad isolation is lower. Furthermore, plaque assay in the environment may not be the sensitive method for detection of the infectious viruses. Adenovirus in the environmental samples may be stressed or injured, and thus less sensitive to plaque assay conditions. In addition, since plaque assay is a morphological assay, the viral pathogen of the plaque assay should be confirmed with other molecular approaches or immunoassays. Plaque assay combined with molecular detection methods should provide better sensitivity and specificity for environmental samples. We will also explore cell culture combined with immunoassay for detection of early-transcribed viral protein to improve specificity of detection for environmental samples. The outcome of this research is the first step to understand the suitable cell lines and dominant Ad serotypes among the environmental samples. Therefore, it is an important contribution to our effort in environmental monitoring of viruses in water.
CONCLUSIONS
The results of this study showed that different cell lines have various sensitivities to different Ads. Among the four cell lines evaluated, 293A and A549 were the most sensitive to enteric Ad40 and Ad41. The detection rate of infectious Ads in the southern California aquatic environment was fairly low using plaque assay. Viable Ads can be isolated from 10 -30 ml of sewage samples through the plaque assay. Adenovirus serotype 40 and 5 were the two serotypes recovered from environmental samples.
Combining 293A cell line with a molecular diagnosis method will be a sound future direction for viral monitoring in waters.
